Heterostructured oxides have shown unusual electrochemical properties including enhanced catalytic activity, ion transport, and stability. In particular, it has been shown recently that the activity of oxygen electrocatalysis on the Ruddlesden-Popper/perovskite (La 1-y Sr y ) 2 CoO 4±δ /La 1-
Interfaces in many heterostructured epitaxial materials exhibit intriguing physical, chemical, and electrochemical properties including enhanced oxygen electrocatalytic activity [1] [2] [3] [4] [5] [6] [7] [8] [9] and electronic/ionic conductivity [10] [11] [12] A number of studies have been made to understand the high catalytic activity of these LSCO heterostructured catalysts using well-defined thin film systems. Density functional theory (DFT) calculations have shown that there is a large driving force for A-site cationic interdiffusion across the heterostructure interface, stabilizing Sr in LSCO 214 and La in LSCO 113 with predicted Sr concentrations ~0.75 near the interface and Sr depletion in LSCO 113 17 . Such interdiffusion has been postulated to result from coupling of Sr ions to the increased oxygen vacancy content near the surface 18 , and is predicted to reduce the oxygen vacancy formation energy 17 . The reduced enthalpy of oxidation at the interface due to the presence of Sr may play a direct role in enhancing the oxygen surface exchange 17 or indirectly via the electronic activation of LSCO 214 9 . These findings highlight the need to determine the Sr redistribution within LSCO heterostructure films, which can provide new insights into developing catalysts with enhanced activity and stability.
However, to date there have been limited methods for obtaining the atomic-scale compositional and structural information needed to properly characterize the LSCO 214 /LSCO 113 interface. XPS [18] [19] [20] and chemical etching 21 have been used to great effect for studying relative changes in Sr content before and after annealing, with high surface sensitivity. Unfortunately, these techniques lack the structural information for differentiating Sr in the LSCO 113 and LSCO 214 phases and the atomic-level of detail necessary to properly identify spatial proximity to the interface.
Recently, we have demonstrated that Coherent Brag Rod Analysis (COBRA) of LSCO 113 thin films can provide unprecedented chemical and structural details relevant to high temperature oxygen electrocatalysis. 22 COBRA is a powerful tool for providing sub-Å resolution structural information of systems composed of atoms that are well-registered to a crystal lattice, and has been successfully applied in epitaxial thin film and quantum dot systems. [23] [24] [25] . The method utilizes the measured X-ray diffraction intensities along crystal truncation rods to determine the three-dimensional (3D) electron density (EDY) of a thin film structure. Employing the energymodulated differential COBRA, which provides elemental information through the energy dependence of atomic scattering cross-sections, further allows for the determination of atomic concentrations of individual crystallographic sites. Differential COBRA has also been successfully applied to studying thin film 26 and quantum dot 27 systems.
In this Letter, we use the COBRA method to study the atomic structure and layer-bylayer strontium distribution in ~6 nm thick LSCO 214 -LSCO 113 heterostructure thin films.
Supported by ab initio calculations, we demonstrate that anomalous Sr segregation to the interface has a strong thermodynamic driving force and is present in as-deposited films. The COBRA results also reveal polar distortion of the LSCO 113 unit cell and significant A-site cationic ordering in the LSCO 214 phase, details that have not been previously considered and may contribute in part to the enhanced catalytic activity of the thin films. In the as-deposited LSCO film, terrace steps from the STO substrate surface were still visible from atomic force microscopy (AFM), indicating conformal growth ( Figure S1 , Supporting Information). Interestingly, there are two distinct features on the surface; films close to terrace edges are ~0.8 nm higher than the rest part on the same terraces. This observation suggests that the LSCO 214 grows by full LSCO 214 unit cells (rather than by perovskite-like and rock-salt-like building blocks), and nucleation is favored at the top of a terrace step (indicating a large Ehrlich-Schwoebel barrier). This growth mode yields a less uniform surface, and therefore poorly defined reflection high-energy electron diffraction (RHEED) oscillations during film growth ( Figure S2 , Supporting Information). Upon annealing to 550 o C, the surface morphology changed significantly. The AFM image ( Figure S1b , Supporting Information) shows the formation of large particles (~150 nm in diameter and ~ 7 nm in height) on top of a base film, which is composed of small particles ~20 nm in diameter.
Representative experimental and COBRA-calculated diffraction intensities for the as- The as-deposited and annealed diffraction intensities were found to be similar ( Figure 1) and the differences between the as-deposited and annealed EDYs were found to be on the order of the experimental uncertainty ( Figure S3 , Supporting Information). Significant changes in the surface morphology upon annealing were nevertheless observed by AFM ( Figure S1 , Supporting Information). We interpret this to indicate that particulates and outgrowths are present at the surface (without coherence to the substrate and therefore not detected by COBRA), and these features indeed change upon annealing, without effect on the majority of the material. It is proposed that surface Sr segregation rather than surface morphologies alone may play an important role in the surface oxygen exchange kinetics at elevated temperatures but further studies are needed to test this hypothesis.
The atomic positions in the Z direction were determined by fitting Gaussians to the EDY peaks in Figure 2 . Using an ideal STO crystal frame of reference, extended throughout the entirety of the film, we plotted out the substrate relative displacement (SRD) profile for each element in LSCO 113 region ( Figure S4 , Supporting Information). Experimental differential COBRA data and fits of the as-deposited LSCO film are in good agreement (Figure 3) , from which the Sr concentration depth profile, along the corresponding thin-film structure based from ordinary COBRA, was obtained, as shown in energies for the film away from interfaces were first approximated using those found in bulk The Sr segregation at the LSCO 214 -on-LSCO 113 revealed by the COBRA measurements provides fundamental insights that can explain the enhanced surface oxygen exchange kinetics reported previously 13 . Sr segregation (Sr occupancy on the A site of ~1) in the perovskite structure at the LSCO 214 /LSCO 113 interface can lift the oxygen 2p band center relative to the Fermi level [30] [31] shown by DFT studies, which is correlated with increasing surface oxygen kinetics 30 . In addition, such Sr segregation can promote oxygen ion transport kinetics as higher Sr concentrations in bulk LSCO 113 32 increases the oxygen vacancy concentration due to the charge imbalance from the substitution of Sr 2+ for La 3+ in the perovskite structure [17] [18] , which is supported by the weak EDY of oxygen ions in the LSCO 214 /LSCO 113 interface in Figure 2 (indicative of a local increase in the oxygen vacancy concentration and oxygen ion mobility).
Since in the x-y direction and both surfaces terminating with rocksalt AO-AO layers in the z-direction.
Bottom AO-AO layers were fixed to the bulk and all other layers were internally relaxed. Figure 4 below. Sr substitution energy was calculated by taking the total energy change from the stoichiometric supercell after one La ion is replaced by Sr. More details of the calculation methods in this study can be found in the SI. 
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Furthermore, it has previously been shown that A-site ordering can occur in the 0.5 Sr-doped LSCO 113 on an STO substrate at T=650 K 11 , which ordering was suggested to originate from the interplay between epitaxial strain imposed by STO and coupling to oxygen vacancy content and ordering. We therefore investigated the ordering tendency in the bulk and strained LSCO 214 with anionic defects, including oxygen vacancy ( Figure S8b 
